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Temperature and water potential are two important environmental factors inﬂuencing
germination and subsequent seedling establishment. Seed germination requirements vary
with species and with the environment in which the seeds are produced. Stipa species
dominate large areas of the Eurasian zonal vegetation, but comparisons of germination
requirements between Stipa species from different habitats is limited. We investigated the
effects of temperature and water potential on seed germination of S. grandis, S. purpurea,
and S. penicillata from habitats with low temperatures and relatively abundant rainfall (cool
habitats) and S. glareosa, S. breviﬂora, S. gobiea, and S. bungeana from habitats with
relatively high temperatures and low amount of rainfall (warm habitats). Seeds of species
from cool habitats had a higher base (Tb), optimal (To), and maximum (Tc) temperature
than those of species from warm habitats, except for the base temperature of S.
purpurea. Response of six tested Stipa species to water potential differed among
species but not between habitats. Median water potential for germination was lowest
for S. bungeana, S. penicillata, and S. gobiea. There was a negative correlation between
hydrotime constant (qH) and base water potential for 50% of the seeds of all species to
germinate (yb(50)). Germination time of seven Stipa species in response to temperature
and water was well predicted by thermal time and hydrotime models. Results of the
present study on germination of these seven species of Stipa may provide useful
suggestions for grassland restoration in different habitats.
Keywords: seed germination, Stipa, temperature, water potential, habitat

INTRODUCTION
Seed germination is the most critical stage in the life cycle of plants, and its correct timing is essential
for successful plant establishment (Baskin and Baskin, 2014; Ludewig et al., 2014). Various
environmental factors, especially temperature and soil moisture, inﬂuence seed germination, and
consequently seedling establishment (Baskin and Baskin, 2014). Knowledge of seed germination
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responses to these two environmental factors is useful in
predicting the response of a species to changes in its habitat
and in formulating effective strategies for restoration (Fenner
and Thompson, 2005).
Temperature affects the capacity for germination by
regulating dormancy and the speed of germination in nondormant seeds (Baskin and Baskin, 2014). Three cardinal
temperatures, i.e., minimum/base (Tb), optimum (To), and
maximum/ceiling (Tc) generally have been used to describe the
range of temperatures over which seeds of a particular species
can germinate (Bewley et al., 2013). These cardinal temperatures
for germination match germination timing to favorable
conditions for subsequent seedling growth and development
(Alvarado and Bradford, 2002), thus helping predict their
current/future spatial distribution (Dürr et al., 2015). A review
of the threshold values for germination of species worldwide
concluded that species of tropical origin had a high Tb (crop
species), while species originating from cool growing areas had a
very low Tb (wild species, trees, and cool season legume crops)
(Dürr et al., 2015). Trudgill et al. (2000) also found that tropical
species had a higher Tb than temperate species. Seeds of Fabaceae
species from the Qing-Tibetan Plateau, an area with low
temperatures and relatively abundant rainfall, had a lower base
and a lower optimal temperature for germination than those
from the Alax Desert, an area with high summer temperatures
and low amount of rainfall (Hu et al., 2015).
The effect of temperature on seed germination also can be
modeled by thermal time (i.e., temperature accumulation above
the base temperature for the completion of germination) model,
which is a very efﬁcient method for predicting timing of
germination under ﬂuctuating environmental conditions. This
approach can be more useful for predicting plant development
stages than calendar date when temperatures for germination or
other plant development stages are outside the experimental data
range (Slafer and Savin, 1991).
Soil moisture is another major factor determining when seeds
germinate in the ﬁeld (Baskin and Baskin, 2014). Bradford
(2002) reported that germination occurs after non-dormant
seeds have accumulated enough thermal time at a suitable
water potential. The hydrotime model was formulated by
Gummerson (1986) and Bradford (1990), and it mostly is used
to analyze germination rates (speed) at different water potentials.
Seed germination responses to water potential are speciesspeciﬁc (Fenner and Thompson, 2005; Baskin and Baskin,
2014), and different species and seed lots may have a different
hydrotime constant (qH) and base water potential (yb). Base
water potential for 50% germination [yb(50)] is related to the
ability of the embryo to overcome restraints to its growth
imposed by the conditions of the embryo itself, the
surrounding tissues, and the environment (Huarte, 2006).
Seeds with low yb(50) germinate better at low median water
potential than those with high yb(50). The base water potential at
which seed germination can occur differs with species (Daws
et al., 2008), and germination of species adapted to dry
environments may be less affected by water stress than those
adapted to wet environments (Allen et al., 2000). A study on seed
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germination of Ammopiptanthus mongolicus, Glycyrrhiza
uralensis, Lespedeza potaninii, and Sophora alopecuroides from
high summer temperatures and low amount of rainfall habitat
and Vicia amoena, V. angustifolia, V. sativa, and V. unijuga from
low temperatures and relatively abundant rainfall habitat
suggested that the base median water potential differed among
species but not between habitats (Hu et al., 2015).
Stipa species dominate large portions of the Eurasian zonal
vegetation (Lavrenko and Karamysheva, 1993). Future
projections of climate warming will impact the population
dynamics of species by inﬂuencing seed germination and
consequently their potential for natural regeneration (Markkj
et al., 2009). Thus, research on how seed germination of Stipa
species responds to different environments contributes to an
understanding of where they grow, where they do not grow, and
where they will be able to do so in the future (Dürr et al., 2015).
Previous studies on Stipa species have usually focused on
dispersal efﬁciency (Hensen and Müller, 1997), genetic
diversity (Zhao et al., 2008; Jing et al., 2012), reproductive
allocation (Tian et al., 2009), and cytology (Sheidai et al., 2006).
Seed germination response to temperature (Liu et al., 2011;
Wang et al., 2011; Hu et al., 2012) and water potential (Huang
et al., 2009; Zeng et al., 2010) of some species from the QinghaiTibet Plateau and the desert-grassland have been determined
independently. However, comparison of germination responses
of Stipa species from different habitats to temperature and
substrate water potential have not been done. The purpose of
our study was to compare responses to temperature and
moisture of seeds of Stipa species from cool and warm
habitats. We hypothesized that (1) seeds of Stipa species from
habitats with low temperatures would have a lower Tb, To, and Tc
than those from habitats with a relatively high temperatures, and
(2) seeds of Stipa species from habitats with low amounts of
rainfall are more tolerant of water stress than those from habitats
with relatively high amounts of rainfall.

MATERIALS AND METHODS
Seed Collection
Seeds of seven Stipa species were used in this study. Seeds of Stipa
grandis were collected from Xilingol League in Inner Mongolia;
Stipa purpurea from Guinan on the Qing-Tibetan Plateau; Stipa
penicillata from Guoluo on the Qing-Tibetan Plateau; Stipa
breviﬂora, Stipa glareosa, and Stipa gobiea from Alax in Inner
Mongolia; and Stipa bungeana from Huanxian on the Loess
Plateau. The species differ distinctly in habitat: S. grandis, S.
purpurea, and S. penicillata occur in habitats with relatively
abundant rainfall and relatively low temperature, whereas S.
bungeana, S. breviﬂora, S. glareosa, and S. gobiea are important
species in habitats with relatively low rainfall and relatively high
temperature. See Table 1 for additional information on the seven
Stipa species.
Seeds of each of the seven species were collected from several
hundred plants in 2016, and the awns were removed by hand in
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TABLE 1 | Detailed information on seeds of the seven Stipa species.
Habitat

cool

warm

Species

Stipa
Stipa
Stipa
Stipa
Stipa
Stipa
Stipa

grandis
purpurea
penicillate
glareosa
breviﬂora
gobiea
bungeana

Seed collection
time
October
October
October
June
June
June
June

Seed collection site

Mean annual
temperature (°C)

Mean annual
rainfall (mm)

1,000-seed
weight (g)

43°38′N 116°43′E, 1,400m
35°43’N 100°49’E, 3,458m
34°27’N 100°13’E, 3,730m
38°18’N 105°40’E, 1,560m
38°55’N 105°39’E, 1,480m
38°55’N 105°39’E, 1,480m
37°07’N 106°49’E, 1,650m

2.3
2.3
-4.0
8.2
8.2
8.2
9.2

380
404
443
120
120
120
300

8.853
2.353
1.425
4.101
1.511
4.28
1.045

Max.
germination* (%)
95.60
97.17
97.56
80.51
95.64
98.91
93.28

± 0.27
± 0.24
± 0.33
± 0.33
± 0.18
± 0.25
± 0.13

*maximum germination percentage after 6 months of dry storage.

1=tg = (Tc − T)=q2

the laboratory. To avoid the potential effect of dormancy on
germination results, seeds were allowed to after-ripen in a paper
bag at room conditions (20%–45% relative humidity; 16–22°C)
for 6 months before germination experiments were initiated.

For thermal time model construction at the suboptimal
temperature range and at the supraoptimal temperature range,
cumulative germination values [probit (g)] from each
monitoring time and suboptimal/supraoptimal temperatures
were pooled and regressed against a function of time (tg) and
temperature (T) as per Eqn. 3 (Cheng and Bradford, 1999) and
Eqn. 4 (Ellis et al., 1986), respectively (see Hu et al., 2015).

Effect of Temperature on Seed
Germination
For each treatment and species, four replicates of 25 seeds were
placed in 9-cm-diameter Petri dishes on two sheets of ﬁlter paper
moisten with 5 ml of distilled water. Seeds were incubated in light
(12 h each day under white ﬂuorescent tubes with a mean photon
irradiance at seed level of 60 µmol m-2 s-1, 400–700 nm) at 5, 10,
15, 20, 25, 30, 35, and 40°C. Germination (radicle protrusion)
was monitored daily for 28 days.

Seeds were incubated at 20°C in light at water potentials of 0,
−0.2, −0.4, and −0.6 MPa. Polyethylene glycol 6000 (PEG)
solutions were prepared according to Michel and Kaufmann
(1973), and water potential of the solutions was determined at
20°C using a Dew Point Microvolt meter HR-33T (Wescor,
Logan, Utah, USA). For each treatment, four replicates of 25
seeds each were placed in 9-cm-diameter Petri dishes on two
sheets of ﬁlter paper moistened with 5 ml of PEG solution or
distilled water (control), and Petri dishes were sealed with
paraﬁlm to reduce the speed of evaporation of water. Seeds
were transferred to new ﬁlter paper with fresh solution every 48 h
to ensure relatively constant water potential. Germination
(radicle protrusion) was monitored daily for 28 days.

(Eqn: 3)

probit (g) = ½T + (qT =tg ) − Tc(50) =sTc

(Eqn: 4)

probit

qH = (Y − Yb(g) )tg

(Eqn: 5)

(g) = ½Y  (qH =tg ) − Yb(50) =sY b

(Eqn: 6)

RESULTS
Effect of Temperature on Seed
Germination
Temperature had signiﬁcant effects (P< 0.05) on percentage and rate
(1/t50) of germination of all seven Stipa species (Figure 1). In
general, germination percentage increased and then decreased as
temperature increased; however, S. purpurea seeds germinated to a
high percentage (> 90%) at 5°C to 35°C. Germination of Stipa
species from the cool habitats was more tolerant to high
temperature than that of species from the warm habitats. For
example, germination of S. grandis, S. purpurea, and S. penicillata
seeds from habitats with low temperature and high rainfall
(hereafter cool habitats) was 93%, 97%, and 51% at 35°C,
respectively, whereas it was 27%, 45%, 13%, and 46% for seeds of
S. glareosa, S. breviﬂora, S. gobiea, and S. bungeana, respectively,
from habitats with high temperature and low amount of rainfall

Data Analysis
The effects of temperature and of water potential on germination
percentage and rate (1/t50) of each species were analyzed using
GLM (General Linear Models) analysis based on binomial
distribution using SPSS 22.0 software.
A linear model (Eqn. 1, 2) was used to estimate base
temperature (Tb), maximum or ceiling temperature (Tc), and
optimum temperature (To) as described by Ellis et al. (1986) and
Hu et al. (2015).
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probit (g) = ½l n (T  Tb )tg − ln (qT(50) )=sqT

The hydrotime constant qH (MPa-days), actual seed water
potential y (MPa), and base water potential yb(g) (MPa) were
calculated using the hydrotime model (Gummerson, 1986;
Bradford, 1990; Cheng and Bradford, 1999) as below:

Effect of Water Potential on Seed
Germination

1=tg = (T − Tb )=q1

(Eqn: 2)

(Eqn: 1)
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FIGURE 1 | Seed germination percentage and rate (1/t50) of the seven Stipa species at eight temperatures. Bars with different uppercase letters differ signiﬁcantly
(P < 0.05) for germination percentage, and those with different lowercase letters differ signiﬁcantly (P < 0.05) for germination rate. Cool species are on left and warm
species on right, the same in Figure 2 and 3.

(hereafter warm habitats). However, germination of Stipa species at
low temperature differed with species but not habitat. Seeds of S.
purpurea from a cool habitat and those of S. breviﬂora from a warm
habitat germinated to higher percentage at 5°C than S. glareosa, S.
gobiea, and S. penicillata, while no seeds of S. grandis or S. bungeana
germinated at 5°C. Seeds of S. grandis, S. purpurea, and S. penicillata
from cool habitats had the highest germination rate at 30°C,
whereas the highest rate for S. bungeana, S. breviﬂora, S. glareosa,
and S. gobiea from warm habitats was at 25°C.
Based on extrapolation, species from the cool habitats
exhibited a higher To and Tc than those from warm habitats
(Figure 2; Table 2). For example, Tc for S. grandis, S. purpurea,
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and S. penicillata from cool habitats was 40.8°C, 41.0°C, and
39.6°C, respectively, while Tc for S. bungeana, S. breviﬂora, S.
glareosa, and S. gobiea from warm habitats was 36.9°C, 37.2°C,
35.7°C, and 35.6°C, respectively. Seeds of S. breviﬂora from a
warm habitat and S. purpurea from a cool habitat had a lower Tb
than the other species. Tb for S. breviﬂora and S. purpurea was
4.1°C and 3.8°C, respectively, while it was 10.3°C, 10.0°C, 9.9°C,
9.3°C and 9.7°C for S. grandis, S. penicillata, S. glareosa, S. gobiea,
and Stipa bungeana, respectively.
Seed germination responses for all seven species were described
well by the thermal-time model at suboptimal and supraoptimal
temperatures. At suboptimal temperatures, thermal times (qT(50))
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FIGURE 2 | Linear regression of seed germination rate (1/t50) and temperatures at suboptimal and supraoptimal temperatures of the seven Stipa species.

for S. grandis, S. purpurea, S. penicillata, S. glareosa, S. breviﬂora, S.
gobiea, and S. bungeana were 54.0 °C·d, 72.0 °C·d, 56.6 °C·d, 70.9 °C·d,
99.5 °C·d, 51.0 °C·d, and 84.5 °C·d, respectively. qT(50) values for these
species at supraoptimal temperatures were 42.8 °C·d, 57.6 °C·d,
15.5 °C·d, 11.1 °C·d, 35.1 °C·d, 9.2 °C·d, and 68.0 °C·d, respectively.
Consistent with estimation from extrapolation, species from cool
habitats had a higher Tc than those from warm habitats. However,
there was no difference between species from the two habitats in Tb,
qT(50), and Tc (Tables 2–4).

TABLE 2 | Estimation of the three cardinal temperatures for seed germination of
the seven Stipa species using a linear regression of seed germination rate (1/t50)
as a function of temperature.

Effect of Water Potential on Germination
Water potential had a signiﬁcant effect on germination
percentage and rate of the six Stipa species tested (Figure 3).

Frontiers in Plant Science | www.frontiersin.org

Species

Tb

To

Tc

cool

Stipa grandis
Stipa purpurea
Stipa penicillata

10.3
3.8
10.0

30.1
28.2
28.1

40.8
41.0
39.6

warm

Stipa
Stipa
Stipa
Stipa

9.9
4.1
9.3
9.7

26.1
25.1
25.0
23.3

35.7
37.2
35.6
36.9

Habitat

glareosa
breviﬂora
gobiea
bungeana

Tb = base temperature, To = optimal temperature, Tc = maximum temperature.
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TABLE 3 | Seed germination parameters of the seven Stipa species from cool
and warm habitats based on thermal-time model analysis at suboptimal
temperature.
Species

qT(50)(°C·d)

sqT

Tb (°C)

R2

cool

Stipa grandis
Stipa purpurea
Stipa penicillata

54.0
72.0
56.6

0.92
0.79
0.86

11
3
8

0.62
0.65
0.86

warm

Stipa
Stipa
Stipa
Stipa

70.9
99.5
51.0
84.5

0.40
0.68
0.54
0.65

8
5
8
8

0.82
0.80
0.91
0.89

Habitat

glareosa
breviﬂora
gobiea
bungeana

Germination Responses to Temperature of
Stipa Species From Different Habitats
Major differences in germination traits depend on climate
conditions where the species grow or originated, with pea
seeds being able to germinate on ice (Stupnikova et al., 2006)
and some crop species of tropical origin unable to germinate
below 18°C (Dürr et al., 2015). The germination responses of
seeds to temperature may differ among species (Allen et al., 2000;
Daws et al., 2010) and climate conditions where the species
grows (Cochrane et al., 2014). Tropical species such as
Echinochloa crusgalli, Panicum miliaceum, and some perennial
warm-season forage grasses (Hsu and Nelson, 1986) usually
require a higher base temperature for germination than species
such as Lotus corniculatus (Hur and Nelson, 1984), Hordeum
vulgare, and Avena sativa (Trudgill et al., 2000) that originate
from temperate regions. Further, species such as Vicia sativa and
Senecio diversipinnus from cool-habitat growing conditions have
a lower base temperature than species such as Sophora
alopecuroides and Senecio squalidus from temperate regimes
(Liu et al., 2011; Wang et al., 2011; Hu et al., 2015). A review
of seed germination data for 243 species (crops, horticulture,
range and forages, trees) showed that the highest base
temperatures were for crop species of tropical origin, such as
cotton, pearl millet, and mungbean and that the lowest values
often were for wild species/trees originating from cool growingseason areas (Dürr et al., 2015).
In contrast, we found that seeds of Stipa species from cool
habitats had a higher base temperature than those from warm
habitats, except for S. purpurea. Billings and Mooney (1986)
reported that germination temperatures for alpine species are
high, which may prevent germination too early or too late for
seedling establishment in the brief summer. Seedling death is
reduced after snowmelt when germination is triggered by
relatively high temperature in late spring or early summer
(Alvarado and Bradford, 2002; Shimono and Kudo, 2005). This
result agrees with the study by Rosbakh et al. (2015) that the base
temperature is strongly negatively correlated with habitat
temperature. However, for S. purpurea, a species that occurs in
alpine grasslands on the Qing-Tibetan Plateau, the base
temperature was 3.8°C, which was lower than that of S. grandis
(10.3°C) and S. penicillata (10.0°C) from the same cool habitat.
Morever, seeds of S. purpurea collected in 2013 from
alpine steppe on the Qing-Tibetan Plateau had a base
temperature 0.1°C lower than that of this species in the present
study (Yang et al., 2014). It previously has been shown that
species with a wide geographical distribution often exhibit a large
variation in germination characteristics among seed provenances
(Keller and Kollmann, 1999; Fenner and Thompson, 2005) and
seed collection years (Andersson and Milberg, 1998; Beckstead
et al., 2011). The difference in S. purpurea may be due to seeds of
this species being collected from different populations/years, and
this issue requires further study.
The optimal and maximum temperatures for germination of
Stipa species from cool habitats were higher than those of species
from warm habitats. Seeds of S. grandis, S. purpurea, and S.
penicillata from cool habitats germinated best at high

qT(50) = thermal time for 50% of seeds to germinate, sqT = standard deviation for qT(50), Tb =
constant base temperature in suboptimal temperature range.

TABLE 4 | Seed germination parameters of the seven Stipa species from cool
and warm habitats based on thermal-time model analysis at supraoptimal
temperature.
Species

qT(°C·d)

sqT

Tc(50)(°C)

R2

cool

Stipa grandis
Stipa purpurea
Stipa penicillata

42.8
57.6
15.5

7.40
10.10
10.60

37
44
35

0.83
0.99
0.98

warm

Stipa
Stipa
Stipa
Stipa

11.1
35.1
9.2
68.0

2.50
6.00
3.90
7.40

32
36
31
37

0.91
0.97
0.99
0.93

Habitat

glareosa
breviﬂora
gobiea
bungeana

qT = constant thermal time, sqT = standard deviation for Tc(50) at supraoptimal
temperature, Tc = maximum temperature for 50% of seeds to germinate.

Germination percentage decreased signiﬁcantly as water
potential decreased. Seeds of S. grandis and S. breviﬂora did
not germinate at -0.6 MPa, and those of S. glareosa germinated to
only 8.7%. However, seeds of S. gobiea, S. bungeana, and S.
penicillate germinated to 42%, 61%, and 47%, respectively, at
-0.6 MPa.
The hydrotime models described germination of the Stipa
species well (Table 5). S. bungeana had the lowest yb(50) (-0.73
MPa) and S. grandis the highest yb(50) (-0.21 MPa). The hydrotime
constant (qH) differed with species. Species with low yb(50) exhibited
a high qH, i.e., 173 MPa·d for S. bungeana and 85 MPa·d for S.
gobiea. However, S. grandis with a high yb(50) exhibited a low qH,
i.e., 31 MPa·d. There was a negative correlation between yb(50) and
qH across species tested.

DISCUSSION
We showed that germination of seeds of the Stipa species from
cool habitats had a higher base (Tb), optimal (To), and maximum
(Tc) temperature than species from warm habitats, which is
contrary to our ﬁrst hypothesis. Further, the germination
responses to water potential differed among the six species
tested but not between habitats, which does not agree with our
second hypothesis. There was a negative correlation between
hydrotime constant (qH) and base water potential for 50% of the
seeds of all the species to germinate (yb(50)).
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FIGURE 3 | Seed germination percentage and rate (1/t50) of six Stipa species tested at four water potentials. Bars with different uppercase differ signiﬁcantly (P <
0.05) for germination percentage, and those with different lowercase letters differ signiﬁcantly (P < 0.05) for germination rate.

seedlings from emerging and possibly being killed by freezing in
winter (Wesche et al., 2006). Genetics and the environment of the
mother plant during seed development are two important factors
controlling variation in germination requirements within
populations of a species (Baskin and Baskin, 2014). Different Stipa
species growing in different geographical regions and their
distribution is positively correlated with temperature (Yang et al.,
2014). S. purpurea is the dominant species in alpine steppe on the
Tibetan Plateau. Xiong et al. (2014) reported that the optimum
temperature regime for germination of this species ranged from
15°C to 25°C and that temperatures higher than 30°C would not to
be conducive to seed germination. However, in our study the
optimum temperature for germination of S. purpurea was 30°C.
Two possible reasons for the difference in optimum temperature are
that environmental conditions of the two seed collection sites
differed and/or there is genetic differentiation in germination

TABLE 5 | Seed germination parameters for response of the six tested species
of Stipa from cool and warm habitats to water potential based on hydrotime
model analysis.
Species

qH (MPa·d)

yb(50)

syb

R²

cool

Stipa grandis
Stipa penicillata

31
62

-0.21
-0.62

0.12
0.21

0.94
0.89

warm

Stipa
Stipa
Stipa
Stipa

56
36
85
173

-0.41
-0.19
-0.61
-0.73

0.17
0.14
0.22
0.28

0.93
0.91
0.83
0.83

Habitat

glareosa
breviﬂora
gobiea
bungeana

qH = constant hydrotime, yb(50) = base water potential for 50% of seeds to germinate,
syb = standard deviation of yb(50).

temperatures, indicating that when seeds matured in autumn
temperatures are too low for germination, which would prevent
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with high tolerance to water stress (low yb(50)) need more time to
germinate than those with high yb(50). A high qH for germination
may play an important role in preventing seed germination after
a low precipitation event that is followed by drought, which
would kill the seedlings (Hu et al., 2015).

between the two populations (Baskin and Baskin, 2014). Consistent
with the present study, Ronnenberg et al. (2007) reported that seeds
of ﬁve mountain steppe species (but not of Stipa) from central Asia
germinated best at high temperature (20/32°C).

Germination Responses to Water Potential
of Stipa Species From Different Habitats
The ability to germinate at low water potential often is interpreted as
an adaptation to dry habitats (Tobe et al., 2001; Bochet et al., 2007).
However, the relationship between the germination responses of a
seed and water stress/tolerance of the plant cannot be generalized
(Daws et al., 2008; Zeng et al., 2010). For instance, seeds of Caragana
korshinskii (15.0% germination at 2.1 MPa) and Hedysarum
scoparium (6.5% germination at 1.8 MPa) from semi-arid regions
of northwest China, and Reaumuria soongorica (2.2% germination
at 1.8 MPa) from arid regions have a higher germination capacity at
lower water potential than seeds of Artemisia sphaerocephala (8.3%
germination at 1.5 MPa) from semi-arid regions and Zygophyllum
xanthoxylum (5.2% germination at 1.2 MPa) from arid regions.
However, seedling establishment of C. korshinskii, H. scoparium,
and R. soongorica is lower in arid regions than that of A.
sphaerocephala and of Z. xanthoxylum (Zeng et al., 2010).
Generally, species from dry habitats are more tolerant of
water stress than those from wet habitat (Evans and Etherington,
1990; Allen et al., 2000). Ludewig et al. (2014) concluded that
selection pressure from soil moisture stress might be lower for
species from wet habitats than for those from dry habitats. Thus,
under experimental conditions species from wet habitats can
germinate under dry conditions. yb(50) of the six Stipa species
tested was species-speciﬁc but was not habitat-speciﬁc.
Species from warm habitats differ in germination response to
water potential, and the rank-order of tolerance to water stress
was S. bungeana (-0.73MPa) > S. gobiea (-0.61MPa) > S.
breviﬂora (-0.19 MPa). Thus, there was no clear pattern in
response to water potential in relation to habitat type, which is
consistent with the results obtained by Daws et al. (2008) for
germination of Neotropical species. The possible reason for
within habitat (warm) species differences in germination of
Stipa in our study may be that soil moisture during
germination is similar between the warm and cool habitats,
although the annual mean rainfall differed greatly between
them (Hu et al., 2015). Moreover, Allen et al. (2000) reported
that seeds with a low qH and high yb(50) may have a rapid
germination rate with no water stress but are strongly inhibited
at low water potentials. For example, seeds of S. grandis and S.
breviﬂora have high yb(50) and low qH. In our study, there was a
negative correlation between qH and yb(50), indicating that seeds

CONCLUSIONS
The thermal time and hydrotime models performed well in
predicting seed germination time for non-dormant (after-ripened)
seeds of the seven Stipa species studied. Temperature requirements
for germination, but not for water potential, of the Stipa species
were strongly related to habitat type. Seeds of Stipa species from
cool-wet habitats were more tolerant of high temperatures than
those from warm-dry habitats. These results help us to better
understand the germination requirements of these species and
provide useful information for grassland restoration. However,
our study included only seven Stipa species and two habitat types.
Thus, information is needed for more species, with careful attention
being given to habitat macroclimate.

DATA AVAILABILITY STATEMENT
All datasets presented in this study are included in the article/
supplementary material.

AUTHOR CONTRIBUTIONS
XH and YW conceived the topic. RZ and KL performed the
experiments. RZ and DC analyzed all statistical data. XH and RZ
wrote the manuscript. JB and CB revised the manuscript. All authors
contributed to the article and approved the submitted version.

ACKNOWLEDGMENTS
This study was supported by the National Key R & D Program of
China (2017YFC0504603), the Gansu Provincial Science and
Technology Major Projects (19ZD2NA002), the National
Natural Science Fund (31672473) , and Gansu Provincial
Science and Technology Program (18JR2TA023). The authors
thank Gensheng Bao and Hongxiang Zhang for helping collect
seeds and Qibo Tao for drawing the ﬁgures.
Andersson, L., and Milberg, P. (1998). Variation in seed dormancy among mother
plants, populations and years of seed collection. Seed Sci. Res. 8, 29–38. doi:
10.1017/S0960258500003883
Baskin, C. C., and Baskin, J. M. (2014). Seeds: ecology, biogeography, and evolution
of dormancy and germination. 2nd ed (San Diego, CA: Elsevier/Academic
Press).
Beckstead, J., Meyer, S. E., and Allen, P. S. (2011). Bromus tectorum seed
germination: between-population and between-year variation. Can. J. Bot.
74, 875–882. doi: 10.1139/b96-109

REFERENCES
Allen, P. S., Meyer, S. E., and Khan, M. A. (2000). “Hydrothermal time as a tool in
comparative germination studies,” in Seed biology: advances and applications.
Eds. M. Black, K. J. Bradford and J. Vazquez-Ramos (Wallingford: CAB
International), 401–410.
Alvarado, V., and Bradford, K. J. (2002). A hydrothermal time model explains the
cardinal temperatures for seed germination. Plant Cell Environ. 25, 1061–1069.
doi: 10.1046/j.1365-3040.2002.00894.x

Frontiers in Plant Science | www.frontiersin.org

8

September 2020 | Volume 11 | Article 560714

Zhang et al.

Seed Germination of Stipa

Jing, Y. U., Jing, Z. B., and Cheng, J. M. (2012). Genetic diversity of Stipa bungeana
Trin. populations in Shaanxi analyzed by ISSR markers. Acta Agrestia Sin. 20,
512–517. doi: 10.11733/j.issn.1007-0435.2012.03.020
Keller, M., and Kollmann, J. (1999). Effects of seed provenance on germination of
herbs for agricultural compensation sites. Agric. Ecosyst. Environ. 72, 87–99.
doi: 10.1016/S0167-8809(98)00167-4
Lavrenko, E. M., and Karamysheva, Z. V. (1993). “Steppes of the former Soviet Union
and Mongolia. Ecosystems of the world,” in Ecosystems of the world 8B. Ed. R. T.
Coupland (Amsterdam: Elsevier Scientiﬁc Publishing Company), 3–59.
Liu, W., Liu, K., Zhang, C. H., and Du, G. Z. (2011). Effect of accumulated
temperature on seed germination-a case study of 12 Compositae species on the
eastern Qinghai-Tibet Plateau of China. Chin. J. Plant Ecol. 35, 751–758. doi:
10.3724/SP.J.1258.2011.00751
Ludewig, K., Zelle, B., Eckstein, R. L., Mosner, E., Otte, A., and Donath, T. W.
(2014). Differential effects of reduced water potential on the germination of
ﬂoodplain grassland species indicative of wet and dry habitats. Seed Sci. Res. 24,
49–61. doi: 10.1017/S096025851300038X
Markkj, O., Tonyd, A., and Andrewj, D. (2009). Climate change and bet-hedging:
interactions between increased soil temperatures and seed bank persistence.
Global Change Biol. 15, 2375–2386. doi: 10.1111/j.1365-2486.2009.01887.x
Michel, B. E., and Kaufmann, M. R. (1973). The osmotic potential of polyethylene
glycol 6000. Plant Physiol. 51, 914–916. doi: 10.1104/pp.51.5.914
Ronnenberg, K., Wesche, K., Pietsch, M., and Hensen, I. (2007). Seed germination
of ﬁve mountain steppe species of central Asia. J. Arid Environ. 71, 404–410.
doi: 10.1016/j.jaridenv.2007.04.012
Rosbakh, S., Poschlod, P., and Anten, N. (2015). Initial temperature of seed
germination as related to species occurrence along a temperature gradient.
Funct. Ecol. 29, 5–14. doi: 10.1111/1365-2435.12304
Sheidai, M., Attaei, S., and Khosravi-Reineh, M. (2006). Cytology of some Iranian
Stipa (Poaceae) species and populations. Acta Bot. Croat. 65, 1–11.
Shimono, Y., and Kudo, G. (2005). Comparisons of germination traits of alpine
plants between fellﬁeld and snowbed habitat. Ecol. Res. 20, 189–197. doi:
10.1007/s11284-004-0031-8
Slafer, G. A., and Savin, R. (1991). Developmental base temperature in different
phenological phases of wheat (Triticum aestivum). J. Exp. Bot. 42, 1077–1082.
doi: 10.1093/jxb/42.8.1077
Stupnikova, I., Benamar, A., Tolleter, D., Grelet, J., Borovskii, G., Dorne, A.-J.,
et al. (2006). Pea seed mitochondria are endowed with a remarkable tolerance
to extreme physiological temperatures. Plant Physiol. 140, 326–335. doi:
10.1104/pp.105.073015
Tian, D. S., Bao, X., Guan, Q. G., and Pan, Q. M. (2009). Biomass reproductive
allocation at different organizational levels of three Stipa species in Inner
Mongolia grassland of China. Chin. J. Plant Ecol. 33, 97–107. doi: 10.3773/
j.issn.1005-264x.2009.01.011
Tobe, K., Zhang, L., Qiu, G. Y., Shimizu, H., and Omasa, K. (2001). Characteristics
of seed germination in ﬁve non-halophytic Chinese desert shrub species. J. Arid
Environ. 47, 191–201. doi: 10.1006/jare.2000.0689
Trudgill, D. L., Squire, G. R., and Thompson, K. (2000). A thermal time basis for
comparing the germination requirements of some British herbaceous plants.
New Phytol. 145, 107–114. doi: 10.1046/j.1469-8137.2000.00554.x
Wang, M. Y., Liu, W., Liu, K., and Bu, H. Y. (2011). The base temperature and the
thermal time requirement for seed germination of 10 grass species on the eastern
Qinghai-Tibet Plateau. Pratacultural Sci. 28, 983–987.
Wesche, K., Pietsch, M., Ronnenberg, K., Undrakh, R., and Hensen, I. (2006).
Germination of fresh and frost-treated seeds from dry central Asian steppes.
Seed Sci. Res. 16, 123–136. doi: 10.1079/SSR2006239
Xiong, L.II, Yin, X., Yang, S. H., Yang, Y. Q., Hu, X. Y., and Yang, Y. P. (2014).
Effects of temperatures on seed germination characteristics of alpine plant
Stipa purpurea (Poaceae). Plant Diversity Resour. 36, 698–706. doi: 10.7677/
ynzwyj201414027
Yang, S. H., Li, X., Yang, Y. Q., Yin, X., and Yang, Y. P. (2014). Comparing the
relationship between seed germination and temperature for Stipa species on
the Tibetan Plateau. Botany 92, 895–900. doi: 10.1139/cjb-2014-0105
Zeng, Y. J., Wang, Y. R., and Zhang, J. M. (2010). Is reduced seed germination due
to water limitation a special survival strategy used by xerophytes in arid dunes?
J. Arid Environ. 74, 508–511. doi: 10.1016/j.jaridenv.2009.09.013
Zhao, N. X., Gao, Y. B., Wang, J. L., and Ren, A. Z. (2008). Population structure
and genetic diversity of Stipa grandis P. Smirn, a dominant species in the

Bewley, J. D., Bradford, K. J., Hilhorst, H. W. M., and Nonogaki, H. (2013). Seeds:
Physiology of development, germination and dormancy. 3rd ed (New York:
Springer-Verlag).
Billings, W. D., and Mooney, H. A. (1968). The ecology of arctic and alpine plants.
Biol. Rev. Camb. Philos. Soc. 43, 481–529. doi: 10.1111/j.1469-185X.
1968.tb00968.x
Bochet, E., Garcı́a-Fayos, P., Alborch, B., and Tormo, J. (2007). Soil water
availability effects on seed germination account for species segregation in
semiarid roadslopes. Plant Soil 295, 179–191. doi: 10.1007/s11104-0079274-9
Bradford, K. J. (1990). A water relations analysis of seed germination rates. Plant
Physiol. 94, 840–849. doi: 10.1104/pp.94.2.840
Bradford, K. J. (2002). Applications of hydrothermal time to quantifying and
modeling seed germination and dormancy. Weed Sci. 50, 248–260. doi:
10.1614/0043-1745(2002)050[0248:AOHTTQ]2.0.CO;2
Cheng, Z., and Bradford, K. J. (1999). Hydrothermal time analysis of tomato seed
germination responses to priming treatments. J. Exp. Bot. 50, 89–99. doi:
10.1093/jxb/50.330.89
Cochrane, J. A., Hoyle, G. L., Yates, C. J., Wood, J., and Nicotra, A. B. (2014).
Evidence of population variation in drought tolerance during seed germination
in four Banksia (Proteaceae) species from Western Australia. Aust. J. Bot. 62,
481–489. doi: 10.1071/BT14132
Daws, M.II, Crabtree, L. M., Dalling, J. W., Mullins, C. E., and Burslem, D. F. R. P.
(2008). Germination responses to water potential in neotropical pioneers
suggest large-seeded species take more risks. Ann. Bot. 102, 945–951. doi:
10.1093/aob/mcn186
Daws, M.II, Burslem, D. F. R. P., Crabtree, L. M., Kirkman, P., Mullins, C. E., and
Dalling, J. (2010). Differences in seed germination responses may promote
coexistence of four sympatric piper species. Funct. Ecol. 16, 258–267. doi:
10.1046/j.1365-2435.2002.00615.x
Dürr, C., Dickie, J. B., Yang, X. Y., and Pritchard, H. W. (2015). Ranges of critical
temperature and water potential values for the germination of species
worldwide: contribution to a seed trait database. Agric. For. Meteorol. 200,
222–232. doi: 10.1016/j.agrformet.2014.09.024
Ellis, R. H., Covell, S., Roberts, E. H., and Summerﬁeld, R. J. (1986). The inﬂuence
of temperature on seed germination rate in grain legumes. II. Intraspeciﬁc
variation in chickpea (Cicer arietinum L.) at constant temperatures. J. Exp. Bot.
37, 1503–1515. doi: 10.1093/jxb/37.10.1503
Evans, C. E., and Etherington, J. R. (1990). The effect of soil water potential on seed
germination of some British plants. New Phytol. 115, 571–579. doi: 10.1111/
j.1469-8137.1990.tb00482.x
Fenner, M., and Thompson, K. (2005). The ecology of seeds (Cambridge, UK:
Cambridge University Press).
Gummerson, R. J. (1986). The Effect of constant temperatures and osmotic
potentials on the germination of sugar beet. J. Exp. Bot. 37, 729–741. doi:
10.1093/jxb/37.6.729
Hensen, I., and Müller, C. (1997). Experimental and structural investigations of
anemochorous dispersal. Plant Ecol. 133, 169–180. doi: 10.1023/
A:1009744518223
Hsu, F. H., and Nelson, C. J. (1986). Planting date effects on seedling development
of perennial warm-season forage grasses. I. Field emergence. Agron. J. 78,
38–42. doi: 10.2134/agronj1986.00021962007800010008x
Hu, X. W., Wang, J., and Wang, Y. R. (2012). Thermal time model analysis for seed
germination of four Vicia species. Chin. J. Plant. Ecol. 36, 841–848. in Chinese
with English abstract
Hu, X. W., Fan, Y., Baskin, C. C., Baskin, J. M., and Wang, Y. R. (2015).
Comparison of the effects of temperature and water potential on seed
germination of Fabaceae species from desert and subalpine grassland. Am. J.
Bot. 102, 649–660. doi: 10.3732/ajb.1400507
Huang, W. D., Wang, Y. R., and Hu, X. W. (2009). Germination responses of
three desert plants to temperature and water potential. Acta Prataculturae Sin.
18, 171–178. in Chinese with English abstract
Huarte, R. (2006). Hydrotime analysis of the effect of ﬂuctuating temperatures on
seed germination in several non-cultivated species. Seed Sci. Technol. 34, 533–
547. doi: 10.15258/sst.2006.34.3.01
Hur, S. N., and Nelson, C. J. (1984). Temperature effects on germination of
birdsfoot trefoil and seombadi. Bull. Agric. Coll. - Chonbuk Nat. Univ. (Korea
Republic) 77, 557–560. doi: 10.2134/agronj1985.00021962007700040013x

Frontiers in Plant Science | www.frontiersin.org

9

September 2020 | Volume 11 | Article 560714

Zhang et al.

Seed Germination of Stipa

Copyright © 2020 Zhang, Luo, Chen, Baskin, Baskin, Wang and Hu. This is an openaccess article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

typical steppe of northern China. Biochem. Syst. Ecol. 36, 1–10. doi: 10.1016/
j.bse.2007.08.004
Conﬂict of Interest: The authors declare that the research was conducted in the
absence of any commercial or ﬁnancial relationships that could be construed as a
potential conﬂict of interest.

Frontiers in Plant Science | www.frontiersin.org

10

September 2020 | Volume 11 | Article 560714

